Pediatric cardiac surgery with cardiopulmonary bypass (CPB) is frequently associated with neurologic deficits. We describe the postoperative EEG changes, assess their possible causes, and evaluate their relevance to neurologic outcome. Thirty-one children and five neonates with congenital heart disease were included. EEG recording started after intubation and continued until 22-96 h after CPB. In addition to conventional analysis, spectral analysis was performed for occipital and frontal electrodes, and differences between pre-and postoperative delta power (delta-␦P) were calculated. Maximum values of occipital delta-␦P that occurred within 48 h after CPB were correlated with clinical variables and with perioperative markers of oxidative stress and inflammation. Occipital delta-␦P correlated with frontal delta-␦P, and maximum delta-␦P correlated with conventional rating. Distinct rise of ␦P was detected in 18 of 21 children without any acute or long-term neurologic deficits but only in five of 10 children with temporary or permanent neurologic deficits. Furthermore, maximally registered delta-␦P was inversely associated with duration of CPB and postoperative ventilation. Maximal delta-␦P was also inversely associated with the loss of plasma ascorbate (as an index of oxidative stress) and plasma levels of IL-6 and IL-8. Slow wave activity frequently occurs within 48 h after CPB. However, our data do not support the notion that EEG slowing is associated with adverse neurologic outcome. This is supported by the fact that EEG slowing was associated with less oxido-inflammatory stress. Abbreviations AC, aortic cross-clamping CPB, cardiopulmonary bypass FFT, fast Fourier transformation max delta-␦P, maximum difference between pre-and postoperative delta power MDA, malondialdehyde MDA-TNL, malondialdehyde corrected for total neutral lipids ␦P, delta power delta-␦P, difference between pre-and postoperative delta power Cardiac surgery with cardiopulmonary bypass (CPB) in children and neonates is frequently associated with acute neurologic symptoms and long-term neurologic deficits (1-4). Neuropsychological deficits persist in a substantial number of patients. During the intraoperative period, a global decrease in perfusion and oxygen delivery and focal ischemia related to embolic insults or diffuse microvascular changes are the principal mechanisms of brain damage (5). Systemic inflammation and reactive oxygen species generated by CPB might contribute to postoperative neurologic dysfunction (6,7). Impaired cerebral vasoregulation and ischemia/reperfusion injury continues in the early postoperative period (8,9). Postoperative cardiopulmonary dysfunction may additionally threaten cerebral perfusion pressure and oxygen delivery. However, there is an increased energy demand to restore neuronal membrane function and ionic gradients that are compromised by CPB.
Pediatric cardiac surgery with cardiopulmonary bypass (CPB) is frequently associated with neurologic deficits. We describe the postoperative EEG changes, assess their possible causes, and evaluate their relevance to neurologic outcome. Thirty-one children and five neonates with congenital heart disease were included. EEG recording started after intubation and continued until 22-96 h after CPB. In addition to conventional analysis, spectral analysis was performed for occipital and frontal electrodes, and differences between pre-and postoperative delta power (delta-␦P) were calculated. Maximum values of occipital delta-␦P that occurred within 48 h after CPB were correlated with clinical variables and with perioperative markers of oxidative stress and inflammation. Occipital delta-␦P correlated with frontal delta-␦P, and maximum delta-␦P correlated with conventional rating. Distinct rise of ␦P was detected in 18 of 21 children without any acute or long-term neurologic deficits but only in five of 10 children with temporary or permanent neurologic deficits. Furthermore, maximally registered delta-␦P was inversely associated with duration of CPB and postoperative ventilation. Maximal delta-␦P was also inversely associated with the loss of plasma ascorbate (as an index of oxidative stress) and plasma levels of IL-6 and IL-8. Slow wave activity frequently occurs within 48 h after CPB. However, our data do not support the notion that EEG slowing is associated with adverse neurologic outcome. This is supported by the fact that EEG slowing was associated with less oxido-inflammatory stress. Abbreviations AC, aortic cross-clamping CPB, cardiopulmonary bypass FFT, fast Fourier transformation max delta-␦P, maximum difference between pre-and postoperative delta power MDA, malondialdehyde MDA-TNL, malondialdehyde corrected for total neutral lipids ␦P, delta power delta-␦P, difference between pre-and postoperative delta power Cardiac surgery with cardiopulmonary bypass (CPB) in children and neonates is frequently associated with acute neurologic symptoms and long-term neurologic deficits (1) (2) (3) (4) . Neuropsychological deficits persist in a substantial number of patients. During the intraoperative period, a global decrease in perfusion and oxygen delivery and focal ischemia related to embolic insults or diffuse microvascular changes are the principal mechanisms of brain damage (5) . Systemic inflammation and reactive oxygen species generated by CPB might contribute to postoperative neurologic dysfunction (6, 7) . Impaired cerebral vasoregulation and ischemia/reperfusion injury continues in the early postoperative period (8, 9) . Postoperative cardiopulmonary dysfunction may additionally threaten cerebral perfusion pressure and oxygen delivery. However, there is an increased energy demand to restore neuronal membrane function and ionic gradients that are compromised by CPB.
Events that affect the brain are usually followed by neuronal dysfunction, which can often be detected by EEG changes. The characteristic EEG pattern of brain injury caused by insults such as head trauma, hypoxia, or metabolic disturbances is the occurrence of dominant delta and slow delta activity. Slow wave activity after cardiac surgery with CPB has been suggested to reflect intra-and postoperative brain injury (10, 11) . Furthermore, EEG may allow assessment of more subtle cerebral injury not severe enough to cause clinically apparent neurologic dysfunction (8) . Quantification of slow wave activity therefore may be useful to explore the impact of different clinical and pathophysiologic variables on perioperative brain injury.
In the present study, we analyzed the changes in postoperative EEG by conventional and spectral analysis in children who underwent elective heart surgery with CPB. For assessing possible causes and the clinical relevance of these changes, they were compared with clinical variables, markers of oxidative stress and inflammation, and neurologic and developmental outcome.
METHODS
Patients. EEG postanalysis was performed in 36 children (including five neonates) who had congenital heart disease (median age 12 mo; range 6 d-70 mo; Table 1 ) and underwent elective heart surgery with CPB. Thirteen of these children (1-13) were part of a placebo-controlled, randomized pilot study with dextromethorphan (12, 13 VSD with malignment  74  33  99  94  89  7  M  6  Perimembranous VSD  156  67  240  110  90  8  M  4  Multiple VSD  128  53  1414  CHF  90  100  9  F  11  Perimembranous VSD  79  33  120  100  97  10  F  19  Tetralogy of Fallot  98  50  51  104  98  11  M  14  Perimembranous VSD, right ventricular  muscle bundle, subaortic ridge   104  54  56  105  96   12  F  12  Tetralogy of Fallot  137  80  94  97  98  13  M  29  Doubly committed VSD  44  23  52  Seizure during transport, slight  hemiparesis   84  88   14  M  8  Perimembranous VSD  64  30  9  Tetraplegia  109  15  M  2  VSD, sinus venosus defect, partial  anomalous pulmonary venous  drainage, mitral stenosis   207  55  1341  Seizures after 3 wks, restlessness,  CHF   88   16  F  15  Tetralogy of Fallot  83  29  264  Chorea, stupor, no eye contact, oral  automatism, sepsis, hepatic  insufficiency   91  70   17  F  56  Tricuspid atresia  69  -11  Sepsis  88  82  18  M  9  VSD  105  38  16  Sepsis, seizures Ͼ48 h post CPB  102  105  19  F  62  ASD  39  -4  76  84  20  M  10  VSD  77  41  77  70  62  21  F  12  Double inlet left ventricle  45  -79  105  103  22  F  53  Primum ASD  114  63  5  84  90  23  M  9  VSD  122  42  21  84  93  24  F  53  Coarctation of the aorta  32  26  7 VSD ϭ ventricular septal defect, ASD ϭ atrial septal defect, CHF ϭ congestive heart failure, BP ϭ blood pressure.
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part of a comprehensive study that analyzed intra-and postoperative indices of systemic oxidative stress and inflammation (14) . None of these studies included children with noncardiac malformations and apparent preoperative neurologic abnormalities. Written informed consent was obtained from the parents of the children, and both studies were approved by the Ethical Committee of the University Children's Hospital of Zurich. Anaesthetic and CPB procedures. Anesthesia was induced with halothane or sevoflurane, nitrous oxide, oxygen, and pancuronium. After endotracheal intubation, anesthesia was maintained with flunitrazepam or midazolam and fentanyl or sufentanil. CPB was performed with a roller pump, a membrane oxygenator, and an arterial filter. In 32 children, CPB surgery was performed under hypothermic conditions (rectal temperature between 21 and 32°C), and low-flow CPB was used in two children (33 and 35) . Normothermic CPB surgery was performed in four children (17, 19, 21, and 30) . Age-related perfusion rate was 100 -200 mL · kg Ϫ1 · min Ϫ1 during normothermia, and pump flow was gradually reduced as temperature decreased. Alpha stat acidbase management was used, and adequacy of pump flow was monitored by intermittent determination of arterial and venous oxygen saturation. In all children with body weight Յ8 kg, prednisolone (30 mg/kg) was added to the priming solution of the CPB circuit. Six children were treated with dextromethorphan 35 mg · kg Ϫ1 · d Ϫ1 (12) . Postoperative sedation and pain management was performed with flunitrazepam, midazolam, chloralhydrate, nalbuphine, nicomorphine, morphine, and sufentanil.
EEG recording and analysis. Pre-, intra-, and postoperative EEG recordings were obtained on a standard 21-channel system (Neurofile/Coherence IT-med GmbH, Usingen, Germany). The EEG signals were amplified (time constant 10 s, low-pass filter up to 300 Hz), A/D-converted (sample rate 1 kHz, resolution 12 bit), and after digital anti-aliasing filtering stored with 128 samples/s. Preoperative EEG was generally performed in the week preceding cardiac surgery; in six children, the preoperative EEG was performed 12-86 d before surgery because operation was postponed. Intraoperative recording started after intubation and was continued until 22-96 h (mean 54 h) after CPB. EEG was suspended only for transportation of the patient to and from the intensive care unit. During the recording, electrodes were checked twice daily and adjusted when necessary.
EEG was analyzed in terms of age-appropriate background activity. The occurrence of sleep pattern (spindles and K complexes) was registered. Localized rhythmic paroxysmal activity longer than 5 s was classified as electrographic seizure. Sharp/spike waves (transients, clearly distinguished from background activity and from artifacts, 70 -200 ms duration) were considered when they occurred repeatedly. EEG results were classified according to a rating scheme shown in Table 2 . Neonatal EEGs (Ͻ44 wk gestational age) were rated essentially as described by Sarnat and Sarnat (14) .
From artifact-free preoperative and the entire postoperative records, 2-s epochs from occipital (O1 and O2) and frontal (F3 and F4) electrodes, registered to a common average reference, were fast Fourier transformed (FFT), and absolute power for the ␦ (0.1-3.5 Hz), ( 4.0 -7.5 Hz), ␣ (8.0 -12.5 Hz), and ␤ (13.0 -30.0 Hz) frequency bands was calculated. O1 and O2 electrodes were selected because visual analysis revealed abnormalities of the background activity predominantly over the posterior region. F3 and F4 were selected to assess the corresponding changes over the anterior part of the brain.
For graphic display, we calculated successive mean values of power over 500 epochs (16 min, 40 s) and over all preoperative epochs. Power data were log transformed, and occipital and frontal differences between pre-and postoperative delta power (delta-␦P) were plotted versus time after CPB. Distinct and prolonged differences within the electrode pairs or marked deviations from an obvious delta-␦P trend were suspected to be artifactual. Such sections occurred in eight children (18, 20, 24, 29 -31, 35 , and 36), were reviewed in the original EEG, and were excluded when artifacts were detected. In Table 3 , we took antilogarithms of delta-␦P and presented the postoperative ␦P as percentage of the preoperative ␦P.
For the assessment of associations between delta-␦P and intra-and postoperative variables or neurologic outcome, the largest difference in occipital ␦P (max delta-␦P) that occurred within the first 48 h after CPB was used. For this purpose, we split the EEG into 12-h sections, calculated a mean value of both occipital delta-␦P of each section, and selected the largest delta-␦P. This procedure was necessary because short-term artifacts sometimes distorted single 500 epochs mean values, providing unreliably high delta-␦P. For correlation between occipital and frontal delta-␦P and between delta-␦P and the visual rating, we used the 12-h mean values of both occipital and both frontal delta-␦P. Because alterations of neuronal function in neonates are reflected in a discontinuous and periodic pattern and not in changes of ␦P, they were excluded from this calculation (see "Results").
Clinical examinations. A standard neurologic examination and developmental test was done before surgery and 3-8 mo after surgery. Developmental testing was performed in 30 of 36 children before operation and in 33 of 34 children who survived surgery. One child experienced postoperative tetraplegia, and developmental testing was not possible. Twenty-eight children were examined pre-and postoperatively. During the first postoperative days, the general clinical condition, alertness, and occurrence of neurologic symptoms were recorded daily. In patients 1-13, the German version (15) of the Griffith Developmental Scales (16) was used in children who were younger than 2 y, and the Snijder's Oomen Nonverbal Intelligence test was used in the older ones. In patients 14 -36, the Bayley Scales of Infant Development II (41) were applied to children up to 3 y of age, and the Snijder's Oomen Nonverbal Intelligence Test Revised was used for children between 3 and 6 y of age (17) .
Correlation with markers of oxidative stress and inflammation. EEG changes were compared with markers of oxidative stress and inflammation determined in a separate study to be published elsewhere (14a ) . In this study, levels of antioxidants (e.g. ascorbate), oxidized proteins (carbonyls), oxidized lipids [malondialdehyde (MDA)], and several proinflammatory cytokines (tumor necrosis factor-␣, IL-6, and IL-8) were analyzed in plasma samples that were obtained from patients 17-36 at different points of surgery [right before surgery (baseline); 5 min after declamping of the aorta [in four children (17, 19, 21, and 30) at the end of CPB]; and 3-12 h, 24 h, and 48 h after CPB). For correlation with EEG data, we used only markers that showed substantial intraand postoperative changes: ascorbate, MDA corrected for total neutral lipids (MDA-TNL), plasma carbonyls, IL-6, and IL-8. Ascorbate and MDA were measured by HPLC as described previously (18, 19) , and IL-6 and IL-8 were measured by cytometric bead array analysis.
Plasma sodium. Plasma sodium was measured several times daily as part of the laboratory routine.
Statistical analysis. Calculations and graphics were carried out by Excel 97 (Microsoft, Seattle, WA) and S-PLUS 2000 for Windows (Insightful Corporation, Seattle, WA). Pearson correlations were calculated between max delta-␦P and biochemical parameters.
RESULTS
Thirty-four of 36 enrolled children survived. One child (36) died 2 wk after surgery as a consequence of intraoperative complications, and another child (15) died after 5 mo during reoperation.
Neurologic and developmental results. Acute neurologic deficits after surgery occurred in 10 children and one neonate (31%) and included dystonia, chorea, automatism, tremor, seizures, lack of eye contact, asymmetric movements, and paresis (Table 1) . Neurologic sequelae persisted in two children and included slight hemiparesis in one child (13) and tetraplegia caused by spinalis anterior infarction in another child (14) . Three surviving (11%) children received a postoperative diagnosis of mental retardation (IQ score Ͻ70), and five (15%) children received a postoperative diagnosis of mild EEG analysis. EEG seizures without clinical symptoms were registered in three children, starting between 9 and 36 h after CPB. One child (34) with a single EEG seizure subsequent to mechanical resuscitation showed temporary neurologic deficits but normal development 6 mo later. The other two children (16 and 36) had repeated seizures over several hours and days. Both children had intraoperative complications with isoelectric EEG Ͼ100 s during normothermia. One child (36) died after 14 d. The other one (16) showed distinct neurologic symptoms that gradually improved over several months. After 6 mo, developmental score was lower than preoperatively but recovered when retested 18 mo after CPB.
Increased focal and multifocal sharp waves without electrographic seizures were observed in 11 patients. In only three children (1, 2, and 3) were sharp waves associated with acute neurologic symptoms.
Preoperative EEG background activity was normal in three of five neonates and in 30 of 31 older children (Table 3) . Two neonates (33 and 36) showed discontinuous periodic patterns, and one child (19) showed intermittent slowing of background activity. After surgery (Table 3) , EEG was moderately abnormal in three (32) (33) (34) and severely abnormal in two (35 and 36) neonates. In the older children, abnormal background activity increased slowly during the first postoperative hours and days. In the first 12 h, only seven (22%) of 31 children showed moderate or severe (grades 2 and 3) slowing of background activity. The number increased to 15 (48%) of 31 between 12 ,273  19  1  1  2  2  2  2  233  416  509  718  646  724  20  1  1  1  3  3  3  162  439  417  407  447  21  1  2  3  3  3  3  3  237  768  439  738  1,318  1,778  2,188  22  2  2  3  3  3  3  437  1,650  1,762  2,657  2,291  1,778  1,259  23  1  1  1  2  74  63  200  416  24  1  2  1  2  153  750  736  463  25  1  2  2  3  145  812  939  1,455  26  1  1  1  1  32  34  73  72  27  1  3  3  3  80  95  28  1  2  2  2  3  3  109  352  411  621  813  977  29  1  1  1  2  3  2  61  65  83  102  95  30  1  2  1  1  2  2  191  245  161 (34) , two episodes of isoelectric EEG of~100 s duration were registered, once during mechanical resuscitation followed by a single electrographic seizure (see above). Description of the FFT data. Diagrams of postoperative power revealed almost identical occipital and frontal delta-␦P in 22 children (Fig. 1) . Twelve children showed higher occipital delta-␦P, and two children showed higher frontal delta-␦P. Correlation between occipital and frontal max delta-␦P was 0.85 (p Ͻ 0.001; all children included), and max delta-␦P of both electrodes correlated with the conventional rating (0.62; p Ͻ 0.001; neonates excluded).
Postoperative ␦P distinctly increased (389 -2188%) in 24 children (including one neonate) and reached its maximum between 12 and 24 h in five children, between 24 and 48 h in 13 children, and after 48 h in six children (Table 3) . No or only a minimal increase of ␦P (102-227%) was observed in five children (2, 7, 8, 16 , and 29), and ␦P always below the preoperative values (Ͻ100%) occurred in four of five neonates (33) (34) (35) (36) and in three of 31 older children (15, 26, and 27) .
The magnitude of delta-␦P tended to depend on age. Whereas in older children mean ␦P stepwise increased from 153% in the first 12 h to 736% between 36 and 48 h and to 1218% after 72 h, the respective values in neonates achieved only 63, 112, and 71% (Table 3) . Also, in the first 2 y of life, postoperative max delta-␦P tended to increase. Postoperative , ␣, and ␤ power were mostly unchanged or below the preoperative values.
delta-␦P and intra-and postoperative variables. Thirty-one children (excluding neonates) were used to study possible associations between delta-␦P and intra-and postoperative variables (including neurologic outcome). Occipital delta-␦P was lower when artificial ventilation was prolonged (p ϭ 0.002; Fig. 2A) . Fourteen children had their max delta-␦P during ventilation, and 11 children had it after extubation. Children with minimal or without increase in ␦P all were ventilated beyond the EEG registration. Occipital max delta-␦P was inversely associated with duration of CPB (p ϭ 0.002; Fig.  2B ) and showed a trend to lower values with increasing duration of aortic cross-clamping (AC; Fig. 2C ). Four children (2, 14, 15, and 16) with intraoperative complications, reflected by isoelectric EEG Ͼ50 s during normothermia, showed no or minimal (62-141%) increase of ␦P after surgery. Children with postoperative cardiopulmonary or septic problems (neonates excluded) showed less frequently delta-␦P Ͼ300% (five of 11 children) than children without such complications (18 of 20 children; p ϭ 0.01).
Occipital max delta-␦P was negatively correlated with the loss of plasma ascorbate immediately after aorta declamping/ pump switch-off in patients with partial CPB (p Ͻ 0.05; Table  4 ). No correlations were found between occipital max delta-␦P and MDA-TNL or plasma carbonyls. However, occipital max delta-␦P inversely correlated with IL-6 levels at 24 and 48 h after CPB (p Ͻ 0.05) and with IL-8 levels after declamping and at 24 and 48 h after CPB (all p Ͻ 0.01).
Postoperative plasma sodium was consistently Ͼ134 mM in 31 patients. Five children showed single values between 131 and 133 mM. Max delta-␦P was not different in children who received dextromethorphan.
Increase of ␦P (Ͼ300%) was detected in 18 of 21 children without any neurologic deficits but only in five of 10 children with temporary or permanent neurologic deficits (p ϭ 0.07, Fisher Exact test). With respect to the changes in developmental scores, increase of ␦P (Ͼ300%) was detected in four of five children with increased scores and in three of six children with reduced developmental scores (p ϭ 0.5).
DISCUSSION
This study has shown that distinct slowing of EEG activity frequently occurs within 48 h after cardiac surgery with CPB. Our data do not support the notion that this EEG slowing is associated with adverse neurologic outcome. This is supported by the fact that EEG slowing was more prominent in children with less oxidative stress and inflammation and shorter duration of CPB.
Postoperative EEG. The EEG slowing appears several hours after surgery and persists for several days. Similar EEG alterations after cardiac surgery have been reported by Pampiglione (20) and by Sachdev et al. (21) . Both reported that the alter- ations begin to appear on the second postoperative day, increase for a few days, and usually return to the preoperative EEG pattern~5-10 d after the operation. Little, if any, change was seen on the first postoperative day. This cycle of EEG changes was seen in most children (20) and adults (21) . The increase of slow activity occurs over both hemispheres and tends to be greater in the posterior than in the anterior half of the brain (20) . Hauser et al. (22) investigated quantitative EEG before, 6 and 11 d after, and 6 wk after CPB surgery and demonstrated an increase in the delta band on the sixth postoperative day, with a successive decrease to preoperative values after 6 wk. Sotaniemi (10) reported abnormal EEG 10 d after valve replacement surgery in 67-97% of adult patients, which improved in the following months. Quantitative EEG in beagle puppies, recorded 6 d after circulatory arrest or lowflow CPB, revealed a significant increase in delta activity when cooled to 18°C but no significant increase after circulatory arrest at 8 and 13°C (8) .
Neonates showed visually different postoperative EEGs, characterized by a periodic pattern. In our study, only one neonate showed an increase of slow wave activity similar to that of older children. These results were confirmed by FFT analysis demonstrating unchanged or negative delta-␦P in four neonates and increase of ␦P in one. Abnormalities in EEG background activity are different in neonates, compared with older children: diffuse delta patterns are very rare, and the major background abnormalities are electrocerebral inactivity, burst-suppression pattern, marked excessive discontinuity, or low-voltage activity (23) .
Beyond the neonatal period, the magnitude of delta-␦P seems to depend on the maturity of the brain, with rising values in the first 2 y of life. This is in accordance with the findings of Pampiglione (20) , who reported more pronounced EEG slowing in children aged between 2 and 7 y. Postoperative EEG seizures, registered in three patients, where always preceded by episodes of normothermic isoelectric EEG, indicating a substantial brain affecting event. The outcome of two patients, with death or neurologic deficits, is comparable with that described in published reports (2, 24) .
Postoperative EEG and neurologic deficits. Half of the children with postoperative neurologic and developmental deficits showed absent or minor slow wave activity in EEG, whereas almost all children without such deficits demonstrated the distinct slowing of EEG. Lack of abnormal neurologic signs during abnormal postoperative EEG were reported in two clinical (20, 22) and one animal (8) study. Others reported neurologic deficits at approximately the same time as the EEG became abnormal (10, 11, 21) and unfavorable neurologic outcome when background activity was severely abnormal (11) . One possible explanation for this discrepancy is the time point of the postoperative EEG slowing. It is conceivable that slow EEG slowing and intra-and postoperative variables. Several sources have been considered as possible causative factors for the EEG slowing after cardiac surgery, but, thus far, it has not been possible to correlate abnormalities of these factors with the slowing. Pampiglione (20) suspected low plasma sodium as the underlying cause and found EEG changes that were much greater when plasma sodium was below 128 -130 mEq. In our study, postoperative plasma sodium was almost constant, with values Ͼ134 mM in most patients, excluding plasma sodium as a causative factor.
In the placebo-controlled, randomized pilot study, max delta-␦P was not different in children who received the noncompetitive N-methyl-D-aspartate receptor antagonist dextromethorphan. Therefore, we have no indications that the N-methyl-Daspartate receptor is involved in the generation of postoperative slow wave activity (12) .
Intraoperative variables are suspected to influence the postoperative EEG. Duration of CPB and AC correlates with the risk for neurologic sequelae (25) , and we expected a corresponding increase of ␦P. Our data, however, showed an opposite association, excluding CPB and AC as causative factors for postoperative EEG slowing. Intraoperative cerebral complications, obvious by normothermic isoelectric EEG Ͼ50 s, resulted in neurologic deficits in all affected children, but none of them showed a relevant increase of postoperative ␦P.
After surgery, brain injury might occur when energy supply is compromised by cardiopulmonary dysfunction (5) . However, in our study, half of the patients with cardiopulmonary dysfunctions had no or minimal increase of ␦P, whereas almost all children without such complications had distinct increase of ␦P.
An important aim of our study was to investigate oxidative stress and the inflammatory response as possible causative factors for postoperative EEG slowing. Both are triggered by cardiac surgery with CPB (7, 26, 27) and suspected to contribute to the postoperative neurologic dysfunctions (6, 28) . We expected ␦P to increase when oxidative stress (e.g. loss of the plasma antioxidant ascorbate) or the inflammatory response was high. However, it is intriguing that we found the opposite to be the case. Both the loss of ascorbate and postoperative levels of IL-6 and IL-8 negatively correlated with delta-␦P. To the best of our knowledge, this is the first study that looked for possible associations of EEG changes with oxidative stress/ inflammation. Other pediatric systemic diseases of either infectious (29, 30) or noninfectious (31) origin have been reported to show distinct temporary EEG slowing. In these studies, EEG slowing also mostly coincided without neurologic symptoms and sequelae. In septic encephalopathy, however, slow wave activity correlated with the severity of the clinical course (32) . The reason for the EEG slowing is unknown.
Criticism of methods. Our cohort included heterogeneous congenital heart diseases with a wide age range and different surgical approaches. Risk factors that apply to specific types of heart disease or surgery might have been missed because the respective number of children was too small. Age and maturity of the brain (obviously) affect the postoperative EEG changes and might influence the correlation analysis between EEG and other perioperative variables. By excluding neonates, the reliability of the EEG analysis improved but did not eliminate the age factor completely.
Visual rating of EEG by experienced EEG technicians is widely accepted to quantify abnormalities and change of background activity (10, 11, 14, 21) . FFT data, however, are more suitable for statistical analysis and detailed presentation of the postoperative EEG. Rating and FFT data correlate well in our study and confirm the reliability of both methods.
Mean values of delta-␦P, calculated over 500 epochs, are useful to display the postoperative course of EEG. For statistical comparison with intra-and postoperative variables, however, single mean values might be distorted by short-term artifacts. Twelve-hour means of delta-␦P avoid such distortion but also smooth the peaks of delta-␦P. Movement artifacts and different vigilant states during the preoperative registration are another critical point. Although substantial efforts were undertaken to extract artifact-free sequences from the preoperative EEG, vigilant states were sometimes difficult to determine and probably not comparable in all children.
Sedative and analgesics might have had an influence on EEG. Benzodiazepines and opioids increase delta activity at high doses (33) (34) (35) . Dosing in our patients was within the recommended range, and at the time of EEG slowing dosing was usually lower than during surgery and during the first postoperative hours. We could not exclude elevated drug levels caused by drug interaction or compromised metabolism. These factors, however, should be more relevant when intra-and postoperative complications occur. The absent increase of slowing in half of our patients with postoperative complications and the inverse association with the duration of postoperative ventilation points against compromised drug metabolism as causative factors for the observed EEG slowing. Nevertheless, we could not completely exclude drug influences on the postoperative EEG in our study. In neonates, morphine produces prolonged periods of electrical quiescence and interictal epileptiform activity (36) . Postoperative periodic pattern and increase of spike wave activity in our neonates might be partly caused by morphine and reduce the clinical significance of the EEG changes.
Neurodevelopmental studies before and after cardiac surgery are confronted with several problems. Children are often ill before surgery, preventing developmental assessment. Even in healthy infants, functional testing is limited in terms of scope and predictive validity for later outcome (37) . Many functions that are required for learning complex skills in later childhood could not be tested at this age. Corresponding deficits cannot be attributed beyond doubt to intraoperative damage (37) . Genetic and environmental factors potentially also contribute to the cognitive development of children who are born with congenital heart disease and subsequently undergo elective heart surgery (38) . Combined cardiac and neurologic manifestations are prevalent in certain chromosomal and inherited 777 EEG AFTER PEDIATRIC CARDIAC SURGERY metabolic disorders (39) . Although we have excluded children with obvious neurologic and chromosomal abnormalities, some of these factors might have influenced the neurodevelopmental outcome in our study. However, individual differences between pre-and postoperative developmental score might be less affected by these factors when established in the time frame of our observation period.
Comment. We cannot provide etiologic explanations for the appearance of slow wave activity, occurring several hours after surgery and persisting for several days. Our data, however, give some indication that events that affect the brain might inhibit the postoperative increase of ␦P. This would suggest a more positive view of the postoperative EEG slowing.
Slow wave activity reflects a functional state of neurons and the neuronal network that is triggered not only by pathophysiologic events. After CPB, most neuronal and other dysfunctions are transitory and might be caused by imbalances of metabolism and ions, rather than by injury. The postoperative slowing could be a step in the transition from dysfunction to recovery. Physiologic slow waves are part of the non-rapid eye movement sleep, which has important functions for the maintenance of brain integrity (40) . It might be speculated that similar mechanisms are used for the brain recovery after CPB. The understanding of the physiologic or pathophysiologic mechanisms behind the early postoperative EEG changes might provide further insights into the cerebral processes that occur during and after CPB.
